The simplest viruses, from the standpoint of virion structure and genome content, are the single-stranded, messenger-sense RNA viruses. Many have only a single species of coat protein whose geometrical arrangement into an icosahedral or helical structure is well understood. Despite their apparent structural simplicity, the mechanism by which these viruses direct the synthesis and assembly of their proteins and RNAs is largely unknown. One of the problems in elucidating common mechanisms is the variation found for cistron expression. In some cases viral proteins are produced by post-translational cleavage of a large polypeptide (11, 15, 25) , or they are encoded by different genomic RNAs (5, 22, 24) . Some viral proteins, both structural (10, 17) and nonstructural (16) , can be translated only from subgenomic messages. On the other hand, related proteins can be produced from a single genomic message by a read-through of leaky termination codons (14) . To identify and understand the various modes of cistron expression, both the viral RNAs and their protein products must be analyzed in vitro and in vivo. Only when the nuances of translational expression have been sorted out for a variety of viruses can the features of replication common to all viruses be revealed. With this in mind, we began studies of the translation of southern bean mosaic virus (SBMV) RNA. SBMV was chosen because it has a single, small genome and because physical and chemical properties of the virions have been well characterized (18) . Its virion has icosahedral symmetry and is composed of 180 copies of a single coat protein with a molecular weight of around 29,000 (7, 23) . SBMV RNA has been reported to be a single, infectious species with a molecular weight of 1.4 x 106 (3) . The RNA is distinctive in that it has a covalently linked 5'-terminal protein and a 3'-terminal region lacking polyadenylic acid or a tRNA-like structure (5a) .
In this paper we report that in cell-free extracts derived from wheat embryo or from rabbit reticulocytes, total virion RNA isolated from SBMV induced the synthesis of at least four proteins. These were designated P1, P2, P3, and P4 and had estimated molecular weights of 105,000, 75,000, 29,000, and 14,000, respectively. Their relative and absolute rates of synthesis depended markedly on both the in vitro system and the ionic conditions. We show that P3 closely resembled virion coat protein. Proteins P1 and P2 were related, but we found no obvious relationship of P4 to P1, P2, or P3.
MATERIALS AND METHODS
Reagents. SBMV (bean strain), used as the inoculum, was a kind gift of 0. P. Sehgal, University of Missouri. Radioactive isotopes were purchased from Amersham Corp. Proteolytic enzymes V8 (Staphylococcus aureus, 540 U/mg) and diphenyl carbamyl chloride-treated trypsin (bovine pancreas, 7,500 to 9,000 U/mg) were purchased from Miles Laboratories, Inc., and Sigma Chemical Co., respectively.
Isolation of SBMV and SBMV RNA. SBMV (bean strain) was isolated from Phaseolus vulgaris L. cv. Bountiful essentially by the method of Hull (8) .
Virions (2.5 mg/ml) were dissociated in 10 mM Trishydrochloride (pH 7.8)-100 mM NaCl-3 mM EDTA-2% sodium dodecyl sulfate, and the RNA was extracted with chloroform-phenol (1:1) by the method of Zimmern (28) .
In vivo labeling of virus. The virus was labeled with 1 mCi of [3H]leucine (120 Ci/mmol) by the method of Ghosh et al. (5a) . The virus was isolated as described above.
Reticulocyte cell-free system. An mRNA-dependent reticulocyte lysate was prepared as described by Shih et al. (26) . The nuclease-treated lysate was dialyzed for 2 h against a solution containing 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-potassium hydroxide (pH 7.6), 1 Measurement of protein incorporation. Acidinsoluble radioactivity was measured on Whatman 3MM filter disks after washing in cold and hot trichloroacetic acid and then in ethanol and ether. After drying, filters were counted in 10 ml of toluene-based scintillation fluid.
Electrophoretic analysis. Before electrophoresis, samples were treated with EDTA and RNase by the procedure outlined by Shih et al. (25) . For the analytical and preparative cylindrical gels, samples were dialyzed against 6 M urea-0.1% sodium dodecyl sulfate-1% 2-mercaptoethanol for 6 h before heating at 100°C and loading on the gels. Samples analyzed on slab gels were diluted in sample buffer before heating and loading. They were run on 20% gels by the method of Laemmli (12) . Fluorography was performed by the method of Laskey and Mills (13) .
Peptide mapping. Digestion and chromatography of peptides were performed as described by Shih et al. (25) . For V8 (from S. aureus) digestions, a mass ratio of V8 protease to bovine serum albumin (used as a carrier) of 1:20 was used, and the total digestion time was 48 h.
RESULTS
Since no homologous cell-free protein-synthesizing systems are available for translation of SBMV RNA, we used extracts derived from wheat embryos or from rabbit reticulocytes. Wheat embryo extracts give good amino acid incorporation for many viral RNAs but frequently generate incomplete proteins due to premature termination of synthesis (probably as a consequence of nucleolytic digestion of the mRNA) (9) . Rabbit (Fig. 1A and B) .
Efficiency of SBMV RNA as a message. Regardless of the labeled amino acid used, SBMV RNA was a less efficient message than BMV RNA (Table 1 could be detected by polyacrylamide gel electrophoresis. We designated them P2 (molecular weight, about 75,000), P3 (molecular weight, about 29,000), and P4 (molecular weight, about 14,000) (Fig. 2, lane a) . When [35S]methionine was used as the radioactive marker, P4 was absent, indicating that P4 lacked methionine (Fig. 2, lane b) . The ratio of the amount of P2 to that of P4 varied with Mg2" and spermidine concentrations. Both supraoptimal Mg2e levels and lower spermidine concentrations (400 uM or less) increased the proportion of P4 to P2.
In rabbit reticulocyte extracts, when [3H]leucine was used as a radioactive marker, a moderate band, P1 (molecular weight, about 105,000), and a strong band, P2, were detected (Fig. 2, lane c) . In some analyses, bands of P3 and P4 were also visible. Their intensities depended both on the preparations of SBMV RNA and on the reticulocyte lysate used. With [3S]-methionine, only P1 (moderately strong) and P2 (strong) were visible (Fig. 2, lane d) .
Although the gel patterns differed quantitatively from one synthesizing system to the other, qualitatively they were similar. A comparison of the products from the two extracts on a single gel in which [3H]leucine was used for the reticulocyte translation and ['4C]leucine was used for the wheat translation is shown in Fig. 3 . Optimal incorporation conditions were used, but an SBMV RNA preparation and rabbit reticulocyte lysate which induced the synthesis of considerable P3 and P4 were selected. Furthermore, the amounts of P2 and P1 produced in wheat extracts were increased by a suitable choice of ionic conditions, which included higher spermidine concentrations.
In both systems, the P4 product was not homogeneous. We have been unsuccessful in our attempts to resolve this putative mixture. Since the tryptic pattern for [3H]leucine-labeled P4 was very simple (see Fig. 7B (Fig. 4) . P3 comigrated with the main peak from dissociated SBMV, i.e., with coat protein. When these peaks were eluted from comparable preparative gels, digested with trypsin, and chromatographed on a cation-exchange resin, the resulting peptide patterns were nearly identical (Fig. 5) , showing that P3 closely resembles authentic coat protein.
There are no in vitro products which comigrate with the genome-linked SBMV protein (molecular weight, about 12,000 [5a] ). The P4 product is the closest in molecular weight at 14,000. The genome-linked protein was labeled by a reductive methylation of its lysine residues with ['4C]formaldehyde (5a wheat embryo extracts with ['4Clleucine. The dissociated virus was mixed with the P3 mixture, and the two were analyzed on a 10% gel as described in the legend to Fig. 3 . The major [3H]leucine peak was known to be coat protein from an independent gel analysis. ["4Clleucine-labeled P3, a product of SBMV RNA translation in the wheat extract, was isolated in an identical manner. The two purified proteins were mixed and digested with trypsin, and their peptides were chromatographed. The resulting elution profie has been corrected for background and spillover.
was mixed with [3H]leucine-labeled P1, the two were digested, and the peptides were analyzed. The pattern gave little indication of identity (Fig. 7A) (Fig. 7A and B) . Total virion RNA isolated from SBMV encodes four principal proteins, P1, P2, P3, and P4, with molecular weights of 105,000, 75,000, 29,000, and 14,000, respectively. The coding capacity of the RNA is not sufficient to encode all four of these proteins; therefore, their cistrons must overlap. This overlap appears to be in the sequences encoding P1 and P2, since peptide analyses have shown that P1 and P2 have many peptides in common. Kinetic data show that P2 appears first and that radioactivity is not displaced from P1 into P2. This suggests either that P1 is a read-through product or that P1 results from an independent initiation site. Both mechanisms have been proposed as an explanation for the production of related proteins with other viral RNAs, e.g., turnip yellow mosaic virus, eggplant mosaic virus, and tobacco mosaic virus (1, 19) . Pelham (14) has recently presented evidence that read-through is the likely mechanism in tobacco mosaic virus translation. The frequent occurrence of related proteins in viral mRNA translation suggests that they may have functional significance, possibly in RNA replication (10) .
SBMV RNA was a relatively poor message in the two translational systems used. This was further substantiated by its inhibition at high potassium concentrations. Herson et al. (6) have noted that mRNA's most susceptible to potassium inhibition are the worst messages in competitive translation. They have suggested that high potassium levels limit initiation components; therefore, the first messages to be affected are those that bind initiation complexes poorly. SBMV RNA appears to fall into this category. This may explain the anomalous RNA satura- tion curves in wheat extracts. At low RNA concentrations, a competition may exist between endogenous message and SBMV RNA, with the endogenous RNA outcompeting low levels of SBMV RNA for initiation factors.
The rates of syntheses of the products varied with the translational system used and also with ionic conditions. The initiation sites for P1 and P2 were utilized most by the reticulocyte extract, whereas the initiation sites for P3 and P4 were used more frequently by the wheat extract. This suggests that several initiation sites (whether on a single polycistronic message or several monocistronic messages) are being used at varying efficiencies depending on the conditions, probably because initiation factors in the two systems differ in their RNA binding affinities for certain RNA sequences. Ionic conditions may alter RNA configuration or change RNA-protein interactions, favoring initiation at one site over another. SBMV RNA is not unique in this respect. Other RNAs are known to express different products when ionic conditions are varied. Celma and Ehrenfeld (2) (20) .
Since our study was concerned with the trans-lation of total virion SBMV RNA, our data do not necessarily require the interpretation that internal cistrons have been translated in the case of SBMV RNA. However, a gradient analysis of SBMV RNA has shown that the majority of the RNA has a molecular weight of 1.4 x 106 and that this RNA induces the synthesis of the three proteins P1, P2, and P4 (T. Rutgers, T. SalernoRife, and P. Kaesberg, manuscript in preparation). This suggests that an internal cistron (P4) has been translated in the case of SBMV RNA. Our data also show that coat protein (P3) is translated from one or more smaller minor viral RNA species and not from an internal cistron on the genomic RNA. Whether the P4 intemal cistron is translated directly or whether the fulllength RNA requires a pretranslational processing by the protein-synthesizing system remains an intriguing question.
